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ABSTRACT

Nuclear Science User Facilities developed an activation calculator as parCointfiened Material
Experiment Toolbox project. The activation calculastimateghe radionuclide concentration in an
irradiated sample to dicatewhen andvhere the samples magstbe examinedo only help with
scoping the experimerro verify the accuracy of the calator, the results from the specific gamma dose
rate [mrem/hr/ght various cooldown times were compareddaivalent results generated in ORIGEN.
Most elements were tested as a saroptaposedolely of that element. These samplesreexposed to
thirteen different lentlps of irradiation in all reactor positions included in the calcul&tor elements of
interest(i.e., ones currently included in the Nuclear Fuels and Materials Lipr@3%6 of the testases
fell within the allowed tolerancior this scoping toobf £50%.The overall error isogarithmic with
irradiation length ané almost completely independent of reactor position. The primary source of error is
missing nuclear data and reactioNSUF believes that the RAD Calculator can be depldgdtie user
communitybecausét is designed to provide estimates to aid researchers in planning experiments, and
users are cautioned about the limitations of the calculator.
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Eval uatthenN®8UF Reactor Act
Damage (RAD) Calcul ato

1. INTRODUCTION

The Reactor Activation and Damage (RAD) calculataes developedsapart of the Combined
Material Experiment Toolbox (CoMBTunder the Nuclear Science User Facilities (NSpiiegram.The
RAD calculatorestimatesadiation damaggdisplacements per ato(DPA)] and activation accumulated
during nominal irradiation at select NSUF reactoraid researcheis planning and scoping their NSUF
projectsfor the irradiation and pogtradiationexaminatiorphase This report focuses on the activation
calculation process artbesnot cover damage calculations; damage is coversgpiort INL/EXT-20-
58365[1].

The calculatocan be foundt https://nsufinfrastructure.inl.gov/Calculatolt startsby prompting the

user for thematerialto be irradiaédand the desired irradiation length or damage amduatiation

length ismeasuredhn effective nominal power dayasshown inFigurel. After submitting these data

uses areshown either the amount of time required to reach the desired damage, or the amount of damage
induced fora specified irradiatiodengthat various irradiation positionas shown irFigure2. Useis may
theninitiate the activation calculation ®glecing a specific positioro displayfor the activity for that

material irradiatior(seeFigure3).

@nsur' Infrastructure & Micah Gale ~
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Figure 1. The user input requesting the matetiabe irradiated and the desired amount of irradiation.
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Figure 2. ExampleOutput Showing Reactétositions and Estimated Damage
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After irradiation, the activity and effective gamma
dose rate at 30 cm per gram of your sample is:

. - Effecti
Duration Activity Rt
dose

Days Ba/g Ci/g mrem/hr/g

6.1 x Small | Position
30 1010 1.65 799

Medium |

3.18 x Large |
60 1010 0.86 503

1.79 x
90 100 0.484 349

Figure 3. The specific activity of a material irradiated in a reactor positioased on user input.

The internal calculation process is showirigure4. The user input is parsed and used to calculate
radiation damage for various reactor positions. The user then selects a reactor pesitioigdata to the
serverregardng the position selected, the matetiahdthe desiredrradiationlength The calculator then
activates the materiala the methodshown in Sectio2.2 This solution of isotopic concentration is then



decayed through the sam€method The isotopics are then used to find the total specific activity and
gamma dose randpresenthemto the user.

Client Desired Irradiation
and material Desired Position

Figure4. Block diagram of howhe RAD calculator works and the interactions between client and server.

2. BACKGROUND
2.1 Theoretical Basis and Analytical Solution

The concentration of nuclid@n a neutron flux%y is governed by the ordinary differential equation
(ODE):

— B _o0 0 _ ,0 00 0%0Q0 B _o0 0 _ ,0 OO0 0%0QO
1)
Where:
1 0 isthe isotopic concentration for isotofe——
1 _ o istheradioactive decay constant for isotape@ying to isotopeoli
1 . o isthe microscopic cross section of isotopier the (n,X) reactioro produce isotope

O[O i i
1 %ois the scalar neutron flyx—]
9 Ois the neutron enerdeV] [2].

It should be noted that the fluxtsmporally and spatiallyindependentand therefore implicitly
includes the following assumptions:

1. The sample of interest is sufficientlgnall with respect to the mean free path of the neutron
suchthat flux gradientsvithin the samplare negligible.

2. The scalar flux is constantrertime, and there are no outages or power variations.

3. Although not requiredt is commonly assumed the spi@ is in effect infinitely dilute, such
that itin no wayperturls the flux and has no seshielding effects.

3



From this ODEit becomes apparent thezrist a system of coupled ODEs tl@annot be solved in a
de-coupled way, due to the couplingraiclideconcentrations in the same activation and decay chain.

This problemis well-suited for linear algebré are combined into concentration veab@rA
transmutation matrixXQ which ontains the specific reaction rates, can be constructed su¢B]that

P 2
T'r_ — 2

If(Po m T (P,this ODE has a simple analytical solution:
Po Q® 3

However, thissolution must be used with cautji@seach method fathe numericalapproximatiorof
a ma texpongndiadis only convergent for specific Eiggrace$3].

2.2 Implemented Solution Method
2.2.1 Nuclear Data Resources

The current implementation of the activation calculator solves this systeratefiatactivation
ODEsthroughthe Chebyshev Rational Approximation Meth@@RAM), whichnumericaly
approximate the matrix exponentiahmongother functiong4].

The reactor fluxes were generatéalan MCNP [5] model of a nominal loading faachreactor.
These fluxes are stored in a 2§@up structure first established for use iNnHWALE-6.2.3 code suite
[2]. All crosssections were doppldaroadened to 60K, then collgpsed from pointvise crossections
into the aforementionegroup structure using NJOY nuclear data processing c§@ The nuclear data
came from ENDF/BVIII.O [7], EFF3.2[8], or TENDL-2017[9]. The data werased in that order
dependent on the availability of these d&@aring the group crossection collapse a fission spectrum

wasassumed for fast neutrons; dux was assumed for epithermal neutrons, and ak600( 3 2 7 C,

Maxwellian distribution was assumed for thermal neutrons.

Prior to solving, the material isotopics are generatarding tadhe weight fractions of the material
composition supplied by the usebpmbined with the naturally occurring isotopics for each elefi®nt
These are stored as concentratiorstoms per gram of material. The decay chanesrecursively built
with a maximum recursion depth 85 reactions

The total number of days spent in the reactor is equal to the days of irradiation plus ibycieter
outagesThe irradiation lengtlis a measure ahe effective nominal power days. Nominal power is used
instead of full powersincethe Advanced Test Reactor (ATR¥rely runs at full power. Nominal power
for the ATR is assumed to be 22 MW per Iglid].

2.2.2  Building the Transmutation Matri  ces

Activation and decayeactions are both required for a proper material activatiution but only
decay reactions are needed for the decay cooldown pefs@stesulttwo transmutation matrices are
createdone filledsolelywith activation reactiog) the other filledsolely with decay reactions. For the
activation stepthe activation and decay matrices evenbined intaa single transmutation matriXhese
matrices ar® 0 matrices, wheré is the number of isotopeSince not every isotope has a reaction
that can producevery other isotopeéhe matrix is relatively sparselowever,the matrices are stored as
dense matrices because thesemmatrix solver can only work on dense matridesch cell in the matrix
is filled according to:

628



Ko) (4)

Where:

f & is the decay branching ratio of isotofgecaying to isotop®

§ _ isthe decay constant fmotope Qi ]

. o isthe cross section for the reaction producing isoldpem isotopeb]

1 ., isthe total absorption crosection for isotop&

1 B isthe scalar flux— [2].

Thelist ofisotopes of interess compiledbeforehandy recursively building the activation/decay
chain from the naturally occurring isotopes in the sample. The recursion is limited to a depth of 25
reactions The matrix solver is more efficient if the trangiation matrix is an upper triangular matrix.
The isotopes are sortéaiform the transmutation matrices as close to thiis #dsere is no way to form a
truly upper triangular matriwith these datarhis is done by sorting them in ascending oatgrording to
their ZAID number namely,Z (atomic numberL0,000+ A (atomic mass)*10 + (isomeric state). This
gets the matrix as close to an upper triangular form as possiblesyStésnrmakes it so thatthe (£ ff )
activations which are commorarerepresented just below the matrix diagonal.

2.2.3  Solving the Matrix Exponential with a Rational Approximation.

Therearemany ways to solve the matrix exponentiar thoseeigenspaces the transmutation
matriceswould occupy CRAM is an extremely accurate and fast approximatiowas shown thathe
error of the solution waslatively unimpactetyy the material compositicand irradiation timetep
used[3].

The goal of CRAM is to find &ational function of polynomialthatapproximagsthe exponential
function. Sincehis is afunction based opolynomiak, all that needs to be found are the coefficidots
these polynomials. Once fourttiey can be applied &y other similar problenThefunction to be
found is of the form

T R ®)
n

Where:
1 1 j isthe rational functiothat will approximatehe matrix exponential
f n andn are bothpolynomials of ordeiQ
1 aqis an arbitrary input.
The partial fraction decomposition of this arbitraagional function can then be simplified
| (6)

(:1 —

Where:

1 | isthe limit ofi ; asaapproaches infinity



1 | istheresidue at corresponding pete

Since, he poles of rational functiorwith realvalued coefficients form conjugate pairs, only half of
thevalues need to be computed:

T
R , 1
. L 7
Orna | c¢2A 5] I (7)
Substituting Equation 3 into Equati@rthen yields:

_ C)

v &y

€0 | ¢ @2k | 60 —0 ¢ &

Q
Q

The coefficientsmust now be calculated. Fortunatdly. MariaPusa completed this farrational
function of ordes 14 and 164]. A rational function of order 16 is used in the calculator

Thecoefficients tabulated by Pusa are complex numibeesddition,it is faster to solve a matrix
system of equations than to invert a matrix. &hnear algebra library capable of solving complex matrix
equations was needethis web aplication was written in C#, saMath.net Numeric§l2] was usedo
hande the linear algebravith complex numbers representedthg Complex Struct in System.Numerics
The ComplexStruct storesoth the imaginary and real parts of the number as dgublgsion floating
points[13].

Theactivation and decay transmutation matrices are added together for the irradiatiomh&hen
isotopic quantities are calculatéat the whole irradiation length in a singleep.Next, the decays are
calculatedsoldy throughthe decay matrix. Théecaymatrix is used four times to calculate thetopic
concentrations for each decay length displayed to users.

2.3 Acceptance Criterion

The metric of success used in this report is the perceafdgst cases run where the results of that
run werewithin v 1 ff the outpt for the same input conditions rimthe ORIGEN module of
SCALE-6.2.3.In the NSUFCombined Material Experiment Toak (COMET) Project Implementation
Plan,INL/EXT -19-5300Q the acceptance criterion is defiresifollows

The calculator shall be within £50% of the correct answer, with conservative biases preferred. In
this caseoverpredicting the gamma dose rate amthaty would be conservative. If an element does
not fall within these bounds, the user must be warned of the inaccuracy.

This step ensures that the users are cautioned in the cases where the calculator compares poorly to
ORIGEN. The 50% tolerance is bed on the mission of the RADalculator to be a scoping tool to aid
researchers in planning an irradiation experiment and the assqustéuadiation examinationlt is
not intended to replace the formal analyses performelebtechnicattaff at the relevant NSUF partner
institutions Those analyses help ensure the safety of the experiment. ThE€&&Datoris only a tool
to aid in planning.

2.4 Reactor Power Levels Used

Assumptions needed to be made about the nominal power levels for the neatided in the
calculator, and their operating cycles. These data are providedbiel.



Tablel Power levels and operating cycles used by the calculator for the included reactors.

Reactor Power Level [MWi] Cycle Length [days] | Effective Full Power Days pe year
ATR 110 (22/lobe) 55 180
HFIR 85 27 189
MITR 6 63 252
PULSTAR 1 87* 87*

*PULSTAR Does not operate 24 hours day. This is calculated assuming they operate every workday including
holidays.

2.5 Potential Failure Modes

Fourmain failure modegverefoundduring the investigation of the set of efttolerance results.
These can occur independently omalti-mode failuresThe modes arfl) overproducing the daughter
products(2) underproducing the daughferoducts(3) missing a longived daughteproduct,and(4)
missing a shorlived daughteproduct.

251 Time-Invariant Failure Modes

Many of the el enoeundeshibot theactualactivity. énsan independent failure
without missing isotopeshisis characterized by an error rate that does not weagcordance with
cooldown time. This iBecausé¢he initial quantity to decaig wrong, but thedecayingproceedsproperly;
therebymaintaining the error as a constant multiple between the two decay cunigeis likely caused
by missing crossections. If the nuclear data for an important reaction are wrong or mibsrigcorrect
reaction rateshiftsthe solution. If a competing reaction for an intermediary product is mjshimg
equilibrium concentration for that product will be too higading to errors in the final solution.

252 Time-Variant Failure Modes

A missing radioisotop@ the activation/deay chainis characterized bg timevariant error in the
results.This timevariant error during cooldown is caused by the isotopes decaying at differenamates
causing thenagnitude of therror to grow or shrink.

1 If the magnitude of errdncreasesver time, this is caused laymissing longlived isotope as
the shortedived isotopes decajeaving very littleradioactive material with respect to the
benchmarilsolution

9 If the magnitude of erradecreasesver time, this is caused lymissing shoHived isotope.
The shorived isotope decays and hakaser impact othe solutionover time



3. ANALYSIS

3.1 Benchmark Validation Against ORIGEN

A benchmark case was generated using the ORIGEN module in SCABEI@] This benchmark
calculated the activation and subsequent decay for 81 elements using reemete6 s nat.ltr al
reported the specific gamma dose rate [mrem/hr/g] at8®om the samplefor 30, 60, 90, and 180 days
after irradiation. All data were collect®th a custonpython[15] scriptthatautomatically queried the
RAD Calculator wesite and scraped the necessary data. The script also automatically ran SCALE 6.2
and parsed the outpiNSUFS access to the INL higherformanceomputing resourcavas utilized to
increase the speed ofgharge set otalculationsThe same fluxessed by the calculator were used to
produce the reactierate libraries for ORIGEN usinpe COUPLEmodule in SCALE

The python script used gamsfector data from the calculator to calculate the gamma doset 30
cm. The calculator does nimaick metastablesomers rather it assumes all the atoms of an isotope are in
one isomeric state. This state is chosen based on whixlground or metastabl@)ostcontributes to the
specific gamma dose rate. ORIGEN trasgecific isomersand only tlose with a gamma factor in the
calculator were used’hismay lead to the ORIGEN benchmark slightly overpredicting the specific
gamma dose ratbutthis is negligible compared to the desired 50% accuracy threshold set for the
calculator.

Data were colleged for all 81 elementsndall positions included in the calculator fibve following
irradiation times: 0.1, 1, 7.5, 15, 30, 60, 120, 180, 240, 360, 480, 720, and 960 days. Thetepsime
were chosein orderto provide ampleoveragdor most of thdogaithmic decadegonsideredy the
calculator The elements excludederesynthetic element&.g, technetiun), or elements with an atomic
numbergreater than that dfismuth(83). Technically, sme elementwith atomic numbers higher than
that ofbismuth are naturally occurring, bthiey existin such vanishingly small quantities that a natural
sourcecannotbe usedand they would have to be synthesiZEldese elements are excluded because the
exact isotopics need to be knoamdwould have to be usesupplied. Thorium and uranium are excluded
for the same reasan beingso commonly enricheas to make ivery ambigwuswhat the user intended
for them Figure51 8 showmaps for the reactor cores included in the calculator



Small B

Figure 5. Core map for te ATR showing positions included in the calculafdre positions in red aréhoseincluded in the
calculator. The core is quadrant symmetric, SO representative positions were used.

Peripheral Target
Positions (PTP)

() Target

. Hydraulic
Tube (HT)

Figure 6. Core map for the High Flux Isotope Reactor (HFIRhe positions in red are included in tbalculatorandwere
chosen as representative positions.

9



Regulating Rod

Control Blade
Absorber (6)

C-13/C-14 /C-15

Control Blade
Flow Relief Hole (6)

Coolant Entrance
Channel

Fixed Absorber (3)

Fixed Absorber
in Radial Arm (3)

Fuel Element

Core Tank Core Structure

Figure 7. Core map for the Massachusetts Institute of Technology Ret¢MdiTR-Il). The positions ined are those included
in the calculator.

Al A2 A3 A4 A5 A6
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C1l
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REFLECTOR

D1

BERYLLIUM
REFLECTOR

El

BERYLLIUM
REFLECTOR

FISSION
CHAMBER

Figure 8. Core mapfor North Carolina State University's PULSTAR Reacine position in red is included in the
calculator
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Anotherpython script was used to compare all conditiohgradiation length, reactor positiotine
element irradiated, artie cooldown timebetween the RAD calculatand the ORIGEN benchmark.
These comparisons wedeneby calculating th@ercent difference @m ORIGEN, such that a positive
value meanthe RAD calculator overpredicted the dose rate,aandgative value means it
underpredictethe dose rate.

Initial analysiswas completed bgietermininghe amount of materiaishich werewithin tolerance.
Thiswas done by hang a movingtolerancehreshold andinding all test cases thdtd not meet this
accuracy threshold/arious acceptance thresholds weresett hese wer e 0 %, 10 %,
For each of these threshol@syasfound how many of theests weranot within that threshold (e.g. 10%)
of theanswer generated by ORIGENN many casesuinnecessargrrorsweredue to differentninimum
cutoff thresholdsTo prevent thisrom causingmisleading errorsa highpass filter of 0.dnrem/hr/gwas
usedfor the ORIGEN benchmarl his was chosesincel kg of samples would excedletypical
facility limit of 200 mrem/hr at 3@m.

Initially, this analysis waperformedby viewingirradiation length as the indendent variable
shownin Figure9. In this figure each color band representaser acceptance criteriovhen going
from green to retb magentaThe first dark geen band represents an acceptance threshofd.oAlD
tests have an error greater than or equ@ttcsothis forms a line at 100%8.he next band down
represents an acceptance criteriod@¥, and so on and so forthhe red bandlustratesan acceptance
criterionof v Tt pwhich is the criteriomsed for the RAD calculatoDnesees a logarithmic
relationship between irradiation length and éiner. This suggests there are no divergent solutions or
other errors caused by the solver its€lfe erroris likely caused by missing nuclear reaction datatest
this, there should be a strong correlation between erroekemlents irradiated

Figure 9. Accuracy of the RAD calculatevhen comparetb ORIGENbased orsimulated irradiation lengthEach color band
represents a rangef absolute percent differences between the RAD calculator and ORIGEN-akfeeiy theproportion of
cases falling within these various tolerance bamdkigh-pass filter of 0.1 mrem/ig/for the ORIGEN test case was applied to
remove the effects dffferent cutoff thresholds.

In Figurel0, this hypothesis was tested by comparing these error rateadbrelement tested.
similar plotting system was used in this figae was used iRigure9. Forexampletitaniumhas a
single dark green bam the rang®% 1 100%. This means that for all test cases titanium had an error of
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